This paper discusses the size effect with respect to the pull-out cone failures of headed anchors embedded in concrete. In this investigation a newly developed model based on fictitious crack approach with two orthogonal rod elements has been employed. In the following the numerical investigation to describe the behavior of headed anchors under tension loading has been carried out by a computer simulation using our original program ANACS (Advanced Nonlinear Analysis of Concrete Structures). To judge the validity of the results, the behavior of the headed anchor with a cone failure, in particular the crack propagation in the concrete predicted by numerical analysis, will be explained.
INTRODUCTION
The increasing size of concrete structures in recent years is making size effect consideration of growing importance. The existence of the size effect with the strength of concrete structures has been known for a long time. As the size of a model becomes larger, the nominal strength of concrete structures represented by the scale model tends to be overestimated. This fact indicates that if the size effect is not taken into consideration, the design of a large size concrete structure is most likely to be on the dangerous side. In many applications the failure load of a headed anchor is limited by the resistance of the base material against out of a fracture cone. Therefore, the geometric and material parameters which influence the load carrying capacity are of major interest.
With the introduction of fracture mechanics, however, it became clear that the tensile properties play a dominant role in the failure of concrete structures where a discrete crack is formed in continuum and it is predominant for the failure of the whole structure. The behavior of concrete under tensile loading in conjunction with strain gradients (as they are present in the region of anchorage) can be described by means of the so-called fictitious crack model proposed by Hillerborgl and modified by Ingraffea, Gerstle2.
One of the goals of this research is to apply fracture mechanics to design problems encountered by the engineering society. At present, the design of fastenings is mainly based on empirical equations. However, due to the complicated fracture process (mixed mode crack propagation) few theoretical investigations are available only3. Therefore, numerical studies have been performed to investigate the behavior of headed anchors embedded in large concrete blocks. The pull-out problem is physically three dimensional but mathematically two dimensional, because the solid of revolution can be considered axially symmetric if its geometry and material properties are independent of the circumferential coordinate 6. The smeared crack model has a fundamental drawback, that is, the propagation of concrete crack is dependent on the element size. Also, as pointed out by many researchers4), 5) , it is doubtful that the smeared model can be suitable to simulate a localization of fracture and unloading behaviors of concrete due to stress locking phenomenon and other reasons. Thus, in this paper discrete crack model is adopted. In fact, lumping all nonlinear deformation into interface elements involves a mechanism of softening lines or softening hinges to be assumed, similar to the assumption of yield lines or plastic hinges in the theory of plasticity. This process can be described by the fictitious crack model with two orthogonal rod elements, which implies the localization of crack6. The advantage of this formulation is that it can solve a problem of discontinuity with the help of the standard finite element method. The failure mechanism is assumed to consist of surfaces with concentrated displacement rates (yield lines), separating elastic body parts.
The two orthogonal rod elements, originally
proposed by Ngo and Scordelis7, have been commonly used for modeling the bond-slip behavior of reinforced concrete structures. The expansion of the two orthogonal rod elements concept to the fracture mechanics approach to simulate the pull-out failure, can be considered as a successful new technique for crack expression. This paper represents an energetical model of the fracture behavior of concrete where the failure cone is simulated by a discrete crack sewed by two orthogonal rod elements. In this approach the fracture energy of concrete, GF is associated with a stress-crack width curve. By incorporating arclength model, the post peak behavior can be captured well even for snap-back instability.
Because of using arc-length method which basically depends on the load control approach, the problems where the structure is subjected to more than one external loads at different nodal points such as the loads which are produced by the anchor head can be analyzed by the current program (ANACS).
The validity of this model for calculating the ultimate pull-out strength of a headed anchor will be compared with Eligehausen & Sawade empirical equations. The comparison with experiments is not presented. However, such a comparison can be certainly done for the small embedded depths accompanied by small concrete blocks, but for the large embedded depths with large concrete blocks, it is very difficult to perform the experiments.
FINITE ELEMENT MODELING FOR AXISYMMETRIC PROBLEMS
Bodies of revolution have a nodal circles, not nodal points for axisymmetric problem subjected to axisymmetric boundary or restriction conditions. The material points have only u(radial), and w(axial) displacement components. The analytical procedure is essentially equivalent to that of plane stress, so a program based on the plane quadratic elements can be used. Essential changes of adding more terms to the [B] and [D] matrices are derived and incorporated into the program. The ANACS program has all quadrilateral and triangular elements varieties to facilitate for mesh grading around the crack path and gives flexibility in mesh discretization. The program is developed to reduce the bulky input material by incorporating two dimensional generation for the finite element mesh for all types of quadrilateral and triangular elements, and nodal coordinates. Also, the program involves the generation of mesh geometry, and deformed shapes through Gnuplot package. These facilities are useful for detecting the mesh geometry, and the failure modes.
The results of the deformation measurements and visual crack observations lead to the conclusion that the nonlinear behavior of the concrete is concentrated in a discrete crack9) or a crack band with small width10). Therefore, the concrete finite elements around the crack path are assumed as elastic in tension. Then, the failure cone surface can be easily localized based on the fictitious crack approach by using the two orthogonal rod elements.
Concrete elements in compression is modeled by bilinear stress strain curve as shown in Fig. 1 . Since the studied cases in this paper concern with tension failure of concrete, thus compressive stresses in concrete are confirmed to remain within the elastic range.
In the experimental investigations, the observed compression strains adjacent to failure cone surface were too small to initiate compression failure, which reflected that the formation of the failure cone and the failure load are governed by concrete cracking, and aggregate interlock, not by concrete 
FICTITIOUS CRACK SIMULATION FOR CONCRETE
The displacement measured across the crack consists of an elastic part and an inelastic part due to crack opening (Fig. 2 ). Fig. 2 shows a typical stress displacement curve of concrete loaded axially in tension, measured in a displacement controlled test. The behavior up to the peak stress is almost linear elastic. With the increasing displacement the resistance drops gradually to zero. The total behavior can be characterized by the Young's modulus E, the tensile strength ft, the shape of the descending branch, the maximum displacement So, at which stress can no longer be transferred, and the fracture energy GF. The fracture energy is defined as the amount of energy necessary to create one unit of crack area and equals the area under the curve (Fig. 2 ).
In the CEB report it is mentioned that, in the pull-out tests failure, the circumferential cracking started relatively early at the anchor head and progressed towards the concrete surface. The hoop cracking fracture was initiated at relatively high loads at the concrete surface. Ultimately, the failure was caused by circumferential cracking. Moreover, in the explanation of the mechanism of pull-out shear failure by Sonobe, et. al. 12) , the same failure process was noticed. Therefore, in this analysis the pull-out failure is simulated by dominant failure cause of circumferential cracking, and no hoop cracking fracture was considered.
The fracture zone is modeled by two orthogonal rod elements (Fig. 3) . The rod elements can be described as two nodes connected by two orthogonal rods which can be placed between coupled nodes of concrete element along the predefined crack path, and oriented at some angle 0 relative to the global coordinate system. In other words, each rod element can be considered as a virtual one dimensional element with unit length (L=1), to change the cr -w relationship (the relative displacement along the failure cone surface versus transmitted stress relation) to the 6-E relationship. Also, this rod element represents a virtual circular area of concrete served by this rod element, and it depends on the rod element position along the failure cone surface. Fig. 3 shows the two orthogonal rods which are used to simulate the crack and represent the localized crack zone. In the present model, one of the rod elements is taken perpendicular to the crack path, and the other one is taken parallel to the crack path orientation.
The rod element perpendicular to crack exhibits nonlinear stress-strain behavior of concrete by using the 1/4th softening curve (Fig. 4) . If the tensile stress reaches the concrete tensile strength, a crack will occur and the stress will begin to drop as the crack opens. For this rod element, it is assumed that the tensile fracture energy remains constant and is equal to 100N/m as a standard recommendation of the fracture energy in many researches3).
The strain along the rod element perpendicular to crack with respect to the global displacements can be written as,
where L is the length of the rod element, C=cos0, and S=sin0. (2)
The force-displacement relation in the global system of axes can be written as follows:
Fy -SC -52 SC S2 (3) where Ac is the area of concrete served by this rod element, and E is the value of the elasticity modulus of concrete as defined later by Eq. (6) and Eq. (8).
Using the 1/4th model curve (Fig. 4) for the rod element perpendicular to crack, the strain can be calculated which is equivalent to the crack width and then the corresponding stress can be obtained. Also, the compression bilinear curve is incorporated to the 1/4th tension model to simulate the rod element under compression as shown in where ft, and f are the tensile and compressive strengths of concrete, respectively, GF is the fracture energy of concrete, L is the length of the rod element (L=1), ER is the elasticity modulus of the rod element in tension which takes different values according to different strain stages as defined by Eq. (6), Similarly, the Ecomp is the elasticity modulus of the rod element in compression and its values are defined by Eq. (8), Ed l = f/Ec and Ec2 is the ultimate compressive strain of concrete which is taken to be equal to 0.0035.
Since the rod element which is parallel to the crack path is perpendicular to the other one, therefore the stiffness matrix for this parallel rod element can be considered as cos(6+90)=-sing, sin(8+90)=cosh in Eq. (3). The force-displacement relation in the global coordinate system can be written as follows:
where Ac is the area of concrete served by this rod element, L is the length of rod element and Ec is the Young's modulus of concrete.
Unfortunately, the theories of fracture mechanics for concrete are not yet able to quantify the mode II contribution to the specific fracture energy GF, although many investigations are currently in progress13. Therefore, a very simple model has been assigned to the rod element parallel to crack as shown in Fig. S .
The stress-strain relation for the rod element parallel to crack is taken as linear elastic (Fig. S) till the tensile stress in the perpendicular rod element exceeds the tensile strength of concrete (Fig. 4) . Thus, when the crack starts at a certain rod element perpendicular to crack, the resistance of corresponding rod element parallel to crack vanishes.
This unlimited range of chosen ultimate stress for the rod element parallel to crack (Fig. S) reflects that the crack formation and propagation, and the ultimate strength of the studied headed anchors embedded in concrete blocks mainly depends on the tensile fracture energy stored in the rod element perpendicular to crack which is defined by 1/4th softening model (Fig. 4) .
Since the fictitious crack is incorporated from the first increment, i. e. in the elastic range before cracking and the Young's modulus E is used for concrete finite elements, then the Young's modulus Ec should be used in both orthogonal rod elements along the crack path, to ensure homogenous media throughout the concrete block before cracking and to make the concrete block behave as one unit before crack initiation as if there is no crack.
NUMERICAL SOLUTION TECHNIQUE FOR NONLINEAR ANALYSIS
The current analysis is tried to trace the entire load-deformation response of the concrete structures. However, tracing of limit point and post limit path is notoriously difficult especially for structures which have a response involving a snap back behavior. However, it is important to know whether the structure collapse is a ductile or a brittle form, and to define a material modeling including the softening behavior. Then, the establishment of arc-length procedurel4) is necessary for dealing with overcoming limit points in a nonlinear solution path.
Moreover, a technique has been adopted 15) to maintain the symmetric banded nature of the equilibrium equations.
The basic idea in all arc-length methods (Fig. 6 ) is to modify the load level at each iteration, rather than holding the applied load level constant during a load step, so that the solution follows some specified paths until the convergence is attainedl6)
As for the used convergence criterion, an overall convergence criteria "Euclidean norm" has been introduced in the program, which does not 
where nd is the total number of degrees of freedom, and Toh is the user specified tolerance and the value of the allowable tolerance is chosen as (0.02).
THE RESULTS OF AXISYMMETRIC PULL-OUT ANALYSIS
(1) The problem environment The geometry of a concrete cylindrical block is illustrated in Fig. 7 .
The finite element model used for the pull-out analysis consists of 268 elements including 8, 7, and 6 noded quadrilateral element. Also, 6 noded triangular elements have been utilized along the crack path. The number of nodes in this mesh are 858. In the present size effect analysis, the concrete element size was taken proportional to the specimen size. Since the fracture energy model was implemented in the program and the fracture energy GF was kept constant for all concrete blocks of different sizes, mesh sensitivity is considered to be insignificant. In other words, by keeping the fracture energy constant, the relation between the crack length and the released fracture energy will be the same for any specimen size.
Further, it is noticed that the numerical instabilities through the calculations are reduced as much as the rod elements are used along the crack path. Since the stiffness matrix has a gradual change, therefore, no sudden change in the overall structure stability occurs. To provide 21 pairs of the rod elements along the failure cone surface, the 6 noded triangular elements have been used.
The shaft of the bolt has not been modeled because the shaft has been assumed to be unbonded with the concrete. Perfect bond between steel and concrete is assumed on the upper edge of the anchor head only3. Also, the anchor head has not been modeled, but the forces exerted from the anchor head projection are applied on the specimen as upward distributed load (Fig. 7) . The geometrical dimensions of the analyzed specimens are determined according to the RILEM Round Robin Analysis requirements of Anchor Bolts. Also, the experimental observation showed that the influence of the volume below the bolt head should be taken relatively large to avoid breaking the concrete block into 4 pieces instead of producing the concrete failure cone3.
The failure cone surface is assumed as a discrete crack from the outer edge of the anchor head (point A) till the top surface of the concrete block at the inner reaction ring location. The reaction ring is presented by the inverted support on the top surface of the specimen as shown in Fig. 7 . In the present paper the fictitious crack has been propagated from the anchor head edge (point A) at distance 0. 1 d from the anchor which is taken as a standard practice in RILEM report3. Based on the extensive parametric study, the inclination of the diagonal failure surface has been investigated. The failure cone surface is assumed to be oriented at angles ranges between (26-76), then 11 finite element meshes are rearranged, for every considered embedded depth, with respect to the chosen path to cover precisely all crack inclination possibilities. For the seek of studying the size effect on the crack inclination which gives the minimum pull-out force, 99 finite element meshes are prepared. The results are shown in Figs. 8-16 . However, it has been found that the inclination of the failure cone surface which gives the minimum pull-out force is ranging between (60-53) for embedded depths up to 5000mm as shown in Figs. 8-14 .
On the other hand, for huge embedded depths such as 10000mm or 12500mm, it has been found that the inclination of the crack surface which gives the minimum pull-out strength is ranging between (51-38) as shown in Figs. 15, 16 . Also, by comparing the results before and after the minimum pull-out force for different embedded depths, it was found that there is a significant change in the overall trend of the resulting pull-out forces. Fig. 17 shows that the size effect on the failure cone surface inclination. Fig. 17 shows that for huge embedded depths such that 10000mm, or 12500mm, the cone failure surface getting more flatter as compared with small embedded depths.
(3) Studying the effect of the anchor head projection and the concrete block dimensions on the ultimate pull-out strength For further parametric study, the effect of the anchor head projection inside the concrete block on the resulting pull-out strength will be investigated. Therefore, another 7 finite element meshes are prepared to perform this study, in case of 150mm anchorage length, and the failure cone surface inclination is taken as 53. The anchor head projection is considered with different values such as 0.02d, 0.04d, 0.06d, 0.ld, 0.15d, 0.2d and 0.3d. The anchor head projection is presented by the distance from the left side of the specimen at the axis of symmetry till the crack initiation position at point A as shown in Fig. 7 . Fig. 18 shows the tendency of the increase in the resulting pull-out strength with the increase in the anchor head projection. From Fig. 18 , it is clarified that no minimum pull-out strength can be detected from such investigation. Therefore, the anchor head projection of 0. ld, which is taken as a standard practice in many researchs37, has been utilized for all previous and next analyses. Another phase of calculations has been carried out to study the effect of the tested concrete cylindrical block proportions with respect to the anchorage length on the pull-out strength. Two sets of finite element meshes are prepared for this investigation.
The first set has been carried out to investigate the effect of concrete block height to the anchorage length ratio on the pull-out force strength. This analysis is performed in the case of 150mm anchorage length, while the failure cone surface inclination is 53, and the anchor head projection is 0.1d. Another 5 finite element meshes are prepared with different concrete block heights such as 6d, 5d, 4d, 3d and 2d. Fig. 19 shows that the pull-out strengths are almost the same for all concrete block heights, which gives the possibility to apply more smaller heights through this type of pull-out tests.
The second set has been carried out to investigate the effect of concrete block diameter to the anchorage length ratio on the pull-out strength. This analysis is performed in the case of 150mm anchorage length, while the failure cone surface inclination is 53, the anchor head projection is 0. 1 d, and concrete block height is 2d. Another 3 finite elements meshes are prepared with different concrete block diameter such as 6d, 5d and 4d. Fig. 20 shows that the pull-out strengths are virtually same for all concrete blocks.
According to the adopted simulation of fictitious crack model to study the pull-out failure, and based on Figs. 19, 20, it can be concluded that for such type of pull-out tests, the concrete block proportions can be taken smaller than those which are always used in the common analysis of RILEM, which has and diameter3), 17). By using smaller concrete block proportions in such pull-out tests, it will make possible to test embedded depths larger than 150mm.
(4) Size effect analysis The resulting minimum pull-out strengths from Figs. 8-16 are utilized for this study. Fig. 21 shows the tendency of the nominal pull-out strength to decrease with the increase in the embedded depth. This behavior is known as the size effect. Also, as shown in Fig. 21 the size effect moderates for large embedded depths, and the nominal pull-out strength of the concrete blocks tends to be bounded with a certain limit. Fig. 21 shows that the proposed analytical model can predict the size effect in pullout tests. The nominal pull-out strength in Fig. 21 is calculated by dividing the resulting minimum pullout strength by the square of the embedded depthl7) as illustrated in Eq. (11). 6=NU/d2 (11) where a is the nominal pull-out strength, Nu is the pull-out strength, and d is the embedded depth. NZ1=2l(EGF)0.5heL5 (12) where: E is the Young's modulus of concrete, GF is the fracture energy of concrete and he f is the embedded depth of the anchor from the top surface of concrete till the top surface of the anchor head.
It is better to mention that the Eligehausen & Sawade equation was verified up to 450mm. Therefore, Fig. 21 shows a spurious path (dashed line) of Eligehausen & Sawade equation beyond 450mm embedded depth.
Moreover, Fig. 21 shows that the presented results has a rather agreement with Eligehausen & Sawade empirical equation for embedded depths up to 450mm. Fig. 7 .
Furthermore, Figs. 24, 25 show the deformed shapes at the peak load and at the next third increment after the peak load in the case of embedded depth 5000mm. It can be noticed that the displacements at the outer end of the anchor head (point A (Fig. 7) , which is also shown by the arrow in Figs. 24, 25) in Fig. 25 is smaller than that of Fig. 24 , which illustrates the effect of snap back phenomenon. The experimental results, and the numerical analysis which is carried out by many researchers and already mentioned in the CEB report3, show that at the peak load, the circumferential crack has penetrated about 50% of the length of the total failure cone. The same conclusion can be obtained from our analytical results as shown in Fig. 24 . For Figs. 24, 25 the deformed shapes are drawn with magnification factor equals to 4000.
CONCLUSIONS
It is possible to study the influence of different variables analytically on pull-out strength of headed anchors embedded in concrete blocks by means of nonlinear fracture mechanics. In particular, fracture mechanics offer a possibility to explain the size effect in pull-out strength. It has been observed that for small embedded depths the pull-out capacity of headed anchors embedded in concrete blocks is profoundly affected by the size effect. On the other hand, for headed anchors embedded in large concrete blocks, the numerical predictions showed that the size effect becomes smaller. Moreover, the snap back phenomenon occurs when the embedded depth, and consequently the associated concrete block size increases, and the brittle behavior of concrete blocks becomes significant. Also, it is found that the inclination of failure cone surface with range (60-53) gives the minimum pull-out strength for a wide range of embedded depths up to 5000mm, on the other hand for huge embedded depths such as 10000mm, or 12500mm the inclination of the failure cone surface with range (51-38) gives the minimum pull-out strength. The previous conclusion indicates that the commonly adapted method assuming 45 failure surface yields exaggerated resisting load. Moreover, increasing of the anchor head projection inside the concrete, increases the resulting pull-out strength. The results shows that for such type of pull-out tests, the concrete block proportions can be taken smaller than those which are always used in the common analysis of RILEM. This will make possible to test embedded depths larger than 150mm. 
